INTRODUCTION
This paper was prepared and presented as an inf o r m a l o r a l p r e s e n t a t i o n . The purposes of this presentation were:
0
To review the acc.omplishments in both high-gradient magnetic separation (HGMS) and open-gradient magn e t i c s e p a r a t i o n (OGMS) by t h e Oak Ridge National Laboratory (ORNL) g r o u p d u r i n g t h e p a s t t h r e e 0 To show, through the medium of motion p i c t u r e s , t h e y e a r s .
o p e r a t i o n of the various separation methods and devices used and developed.
To show q u a l i t a t i v e r e s u l t s of t h e s e p a r a t i o n s p e rformed .
To make a v a i l a b l e , t o t h o s e i n t e r e s t e d , d e t a i l e d r e p o r t s of the experimental procedures and t h e r es u l t i n g d a t a .
The t a l k was d i v i d e d i n t o t h e two g e n e r a l t o p i c s of HGMS and OGMS. Each t o p i c was p r e s e n t e d i n t h e form of a motion picture followed by some comments i l l u s t r a t e d w i t h s l i d e s . W e w i l l p r e s e n t h e r e t h e p e r t i n e n t p o r t i o n s of t h e m o t i o n p i c t u r e s c r i p t i l l u strated with photos and with added comments where nec e s s a r y .
The b i b l i o g r a p h y l i s t s t h e t e c h n i c a l p a p e r s and reports which contain the detailed procedures and d a t a .
High-Gradient Magnetic Separation I n t h e ORNL program f o r t h e a p p l i c a t i o n of HGMS t o d r y f i n e c o a l
o v e r t h e l a s t t h r e e y e a r s we have performed analytical and experimental work both in our own l a b o r a t o r i e s a n d i n c o n t r a c t o r s ' l a b o r a t o r i e s t o determine
0
The g r o s s m a g n e t i c s u s c e p t i b i l i t y of t h e n a t u r a l l y occurring coal macerals and minerals.
The degree of l i b e r a t i o n of t h e s e f r a c t i o n s and t h u s , t h e l i m i t of s e p a r a b i l i t y a s a f u n c t i o n of p a r t i c l e s i z e .
The f e e d p r e p a r a t i o n a n d s i z e c o n s i s t r e q u i r e d f o r e f f e c t i v e m a g n e t i c s e p a r a t i n g .
The appropriate arrangement and values for the many parameters that control the high-gradient magnetic p r o c e s s .
This work is discussed, the experimental equipment shown i n o p e r a t i o n , and condensed r e s u l t s a r e g i v e n i n t h e 16-mm f i l m ORNL-TM-7434 a v a i l a b l e on a l o a n b a s i s . An a b r i d g e d s c r i p t w i t h i l l u s t r a t i o n s follows.
FILM SCRIPT
Raw c o a l , a s mined and d e l i v e r e d t o t h e u s e r , c o n t a i n s i n o r g a n i c m a t e r i a l -some of which i s inh e r e n t t o t h e seam and some of which i s e x t e r n a l contaminat ion from the mining operation. Part of t h i s i n o r g a n i c m a t e r i a l is various ash-forming minerals and p a r t is i r o n p y r i t e , w h i c h is one of the sources of s u l f u r . . T h u s , t h e s o u r c e of t h e a s h and much of t h e s u l f u r i s t h e i n o r g a n i c o r m i n e r a l c o n t a m i n a n t i n t h e c o a l .
The Oak Ridge National Laboratory, in cooperation with the Department of Energy and the Tennessee Valley Authority, i s developing a method f o r removing these minerals from the coal. There are a number of c physical processes for removing these minerals. I ' l l show you, i n t h e l a b o r a t o r y , s p e c i f i c g r a q i t y s e p a r at i o n , which i s t h e most commonly u s e d p r o c e s s f o r conim e r c i a l c o a l p r e p a r a t i o n .
And t h e n I ' l l show you some of our work i n t h e development of high-gradient magn e t i c s e p a r a t i o n .
Much of t h i s m i n e r a l m a t t e r c a n b e removed from t h e c o a l p r i o r t o c o m b u s t i o n by a physic a l s e p a r a t i o n p r o c e s s w h i c h we show here on a laborat o r y s c a l e .
The inorganic or ash-forming materials of the coal have a s p e c i f i c g r a v i t y o f a b o u t 2 . 5 , t h e p y r i t e a b o u t 5 , while the organic or hydrocarbon cont e n t of t h e c o a l has a s p e c i f i c g r a v i t y of only around 1 . 3 .
T h e s e f l a s k s c o n t a i n l i q u i d s h a v i n g s p e c i f i c g r a v i t i e s r a n g i n g f r o m 1.3 t o 1 . 7 .
When we put c r u s h e d c o a l i n t o t h i s f l a s k ( F i g . 1) having a specif i c of 1 . 4 , t h e i n o r g a n i c m a t e r i a l t h a t was l i b e r a t e d on crushing the coal immediately sinks to the bottom a n d c a n b e d i s c a r d e d , w h i l e t h e r e l a t i v e l y c l e i n c o a l f l o a t s and can be removed from the surface. This proc e s s is n o r m a l l y a p p l i e d c o p e r c i a l l y t o much l a r g e r lumps of coal because dewatering coal that i s t h i s finely ground i s d i f f i c u l t and expensive.
The quant i t y of f i n e c o a l t o b e p r o c e s s e d i s i n c r e a s i n g i n part because mechanized mining methods are producing much higher percentages of f i n e c o a l and i n p a r t because deep beneficiation of the "middlings"
-t h o s e lumps of c o a l t h a t c o n t a i n a n a p p r e c i a b l e amount of d i s p e r s e d m i n e r a l s -r e q u i r e s t h a t t h e y b e c r u s h e d t o l i b e r a t e t h o s e m i n e r a l s . T h u s , it i s d e s i r a b f e t o be a b l e t o s e p a r a t e f i n e l y g r o u n d c o a l w i t h o u t g e t t i n g i t wet.
It was r e c o g n i t i o n of t h i s need t h a t l e d t h e ORNL program t o a dry magnetic separation -of c o a l .
Dry s e p a r a t i o n i s p o s s i b l e by a method that depends on d i f f e r e n c e s i n m a g n e t i c s u s c e p t i b i l i t y r a t h e r t h a n s p e c i f i c g r a v i t y .
Most of t h e m i n e r a l s i n c o a l a r e weakly a t t r a c t e d i n t o a magnetic field, whereas the o r g a n i c c o a l i s weakly repelled.
The high-gradient magnetic separator (Fig. 2) c a n g e n e r a t e A c a n i s t e r i s p l a c e d i n t h e c o r e of t h e s o l e n o i d , which c o n t a i n s expanded metal disks and spacers stacked alternately t o f i l l t h e magnetized cavity. Each filament or wire. of t h i s mesh becomes a magnet and creates around its e l f a physically small but extremely high-gradient m a g n e t i c f i e l d t h a t a t t r a c t s and r e t a i n s t h e mine r a l s .
So, i f c r u s h e d c o a l is f e d i n t o t h i s s e p a r a t o r
t h e m i n e r a l s a r e m a g n e t i c a l l y t r a p p e d i n t h e mesh and t h e c l e a n c o a l p a s s e s t h r o u g h . I n t h i s e x p e r i m e n t t h e sample is+ c a u g h t i n t h e f i l t e r .
When t h e f i l t e r box is opened t h e sample can be removed f o r a n a l y s i s .
When t h e magnet i s turned off the trapped minerals f a l l o u t of i t . 'When the clean coal sample and the m i n e r a l s t a r e p l a c e d s i d e by s i d e , it i s q u a l i t a t i v e l y o b v i o u s t h a t s e p a r a t i o n h a s o c c u r r e d .
To look more c l o s e l y at t h e f r a c t i o n s t h a t we j u s t s e p a r a t e d i n t h e high-gradient machine, let's take a sample of t h e clean coal product and a sample of the magnetic and examine them under the microscope. This i s the produ c t , c o a l w h i c h a p p e a r s t o b e l a r g e l y c l e a n c o a l , a n d t h i s i s t h e m a g n e t i c f r a c t i o n , which i s l a r g e l y i n o rg a n i c .
A g a i n , q u a l i t a t i v e l y , s e p a r a t i o n h a s b e e n achieved. ( Both the product and t h e m a g n e t i c s a r e c h e m i c a l l y a n a l y z e d f o r s u l f u r and a s h c o n t e n t .
A p a r a m e t r i c s e r i e s of over 1000 t e s t s was performed i n t h e l a b o r a t o r y s o l e n o i d t o d e t e r m i n e t h e most successf u l o p e r a t i n g c o n d i t i o n s and t o o b t a i n t h e e n g i n e e r i n g d e s i g n d a t a f o r t h e t e s t and operation of a continuous s e p a r a t i o n p i l o t p l a n t .
The HGMS technology has been commercially developed f o r o t h e r m i n e r a l a p p l i c a t i o n s and i s a v a i l a b l e i n machines capable of s e p a r a t i n g s e v e r a l h u n d r e d t o n s of feed per hour. This small pilot-scale (Fig. 3 ) machine has been modified t o t e s t m a g n e t i c s e p a r a t i o n o f d r y f i n e c o a l a t a f e e d r a t e of one ton per hour. I n these continuous separating machines the matrix i s c o n t a i n e d i n t h e wedge-shaped c a n i s t e r s , which a r e p l a c e d i n t h e c a r o u s e l r i n g t h a t r o t a t e s c o n t i n u o u s l y t h r o u g h t h e m a g n e t i c f i e l d g e n e r a t e d by a p a i r of c o i l s a n d i r o n p o l e p i e c e s . F i g u r e 4 shows the carousel. rotating clockwise through the cavity magnetized by t h e g r e e n magnet c o i l s . The raw c o a l i s f e d on t h e r i g h t t o t h e mesh, t h e c l e a n c o a l p a s s e s t h r o u g h , and
t h e i n o r g a n i c s a r e r e t a i n e d on t h e mesh i n t h e same f a s h i o n a s t h e small laboratory machine. However, i n t h i s machine it i s n o t n e c e s s a r y t o t u r n o f f t h e magn e t , b u t i n s t e a d t h e mesh p a s s e s o u t of t h e magnet t o t h e l e f t where t h e i n o r g a n i c s a r e r e l e a s e d a n d f a l l o u t . F o r t h i s s e r i e s of t e s t s t h e machine i s arranged t o f e e d c o a l a t a r a t e of one t o n per hour and t o v a r y o p e r a t i n g c o n d i t i o n s t o s i m u l a t e f e e d r a t e s o f s e v e r a l tons per hour.
About 100 tests have been performed u s i n g two s i z e f r a c t i o n s o f a Kentucky and a Pennsylv a n i a c o a l , and over a range of operating conditions to obtain performance data and engineering design information.
The f e e d m a t e r i a l f o r a t e s t i s loaded i n t o t h e h o p p e r . The r o t a r y f e e d e r s m e t e r t h e c o a l i n t o the feeding system.
The t r a n s p o r t a i r , i f u s e d , j o i n s t h e c o a l below the hopper and t h e y t r a v e l t o t h e f e e d s t a t i o n , where they are introduced to the magn e t i z e d c a v i t y . The c l e a n c o a l p a s s e s t h r o u g h t h e mesh and i n t o t h e p r o d u c t c o l l e c t i o n d r u m s , w h i l e t h e i n o r g a n i c m a t e r i a l is t r a p p e d i n mesh and c a r r i e d o u t o f t h e m a g n e t i z e d c a v i t y t o t h e r e f u s e s t a t i o n where i t i s r e l e a s e d and t r a n s p o r t e d t o t h e c o l l e c t i o n 849 F i g . 2 . Cyclic high gradient magnetic separator.
drums. The c l e a n mesh l e a v e s t h e r e f u s e s t a t i o n and r o t a t e s t o t h e e n t r y of t h e m a g n e t i z e d c a v i t y t o comp l e t e t h e c y c l e . A f t e r e a c h t e s t t h e p r o d u c t c o a l and refuse are weighted and analyzed to determine the eff e c t i v e n e s s of t h i s o p e r a t i o n .
We have separated similar samples of c o a l s by t h e l a b o r a t o r y g r a v i m e t r i c p r o c e s s , by t h e l a b o r a t o r y high-gradient magnetic solenoid, and by the continuous high-gradient magnetic machine. In each case the cont r o l l i n g p a r a m e t e r s w e r e v a r i e d t o o b t a i n t h e s e p a r at i o n c h a r a c t e r i s t i c s of the process and t o permit comp a r i s o n of t h e m a g n e t i c p r o c e s s w i t h t h e g r a v i m e t r i c p r o c e s s .
The r e s u l t s of t h e s e s e p a r a t i o n s a r e shown i n F i g . I w i l l not discuss each curve separ a t e l y , b e c a u s e t h e c o n c l u s i o n s I wish to draw a r e based on t h e i r c l o s e s i m i l a r i t y i n s h a p e and magnitude.
5, where w e p l o t t h e s u l f u r r e m a i n i n g i n t h e c o a l a s a f u n c t i o n of t h e h e a t i n g v a l u e r e c o v e r e d i n t h e p r o d u c t c o a l . The curve marked by t h e s o l i d c i r c l e s i s t h e d a t a f r o m t h e g r a v i m e t r i c s e p a r a t i o n s performed by t h e

F i r s t , t h e c h a r a c t e r i s t i c s h a p e of a l l of t h e curves argues that each of t h e s e p a r a t i o n s i s removing a l l of t h e p y r i t i c s u l f u r t h a t h a s b e e n l i b e r a t e d a t t h i s t i m e . The p y r i t i c s u l f u r removed down t o a b o u t t h e 93% h e a t i n g v a l u e r e c o v e r i n g p o i n t b r o u g h t w i t h it v e r y l i t t l e h e a t i n g v a l u e . F u r t h e r s u l f u r r e d u c t i o n can be accomplished but a t t h e e x p e n s e of l a r g e quant i t i e s of attached coal. Second, their close similari t y i n m a g n i t u d e a r g u e s t h a t f o r t h i s s i z e f r a c t i o n of t h i s c o a l t h e m a g n e t i c s e p a r a t i o n p r o c e s s i s a s e f f e ct i v e i n r e m o v i n g t h e p y r i t i c s a s t h e l a b o r a t o r y g r a v imetric separation. Environmental
and economic incent i v e s a r e e q u a l l y l a r g e f o r a s h r e m o v a l .
The r e s u l t s of t h e s e same s e p a r a t i o n s a r e shown i n F i g .
6 , where we p l o t t h e a s h r e m a i n i n g i n t h e p r o d u c t c o a l a s a function of the heating value recovery in the product. The curve marked by the solid circles is the data from the gravimetric separations performed by the Bureau of Mines. The curve marked by the open circles is the data from gravimetric separation performed by ORNL. The curve marked by X ' s is from the laboratory HGMS solenoid by Sala.
The diamonds are the continuous HGMS separation performed by Sala. The gravimetric curves again exhibit the same characteristic shape with the sharp break at 93% heating value recovery indicating the limit of ash separation at this time. The laboratory solenoid curve marked by the X's has approximately the same shape, but is displaced upward and to the left indicating that although the process did reduce the ash content from 17% to 9%, we did not in those tests equal gravimetric separation. The continuous separations marked by the diamonds did however reduce the ash to below 7% and closely approached the gravimetric separations.
Thus, we have demonstrated that HGMS can remove all the liberated pyritic sulfur and most of the liberated ash from dry fine coal, and we have demonstrated at one ton per hour the technical feasibility of the process on a commercial scale in a machine that is available in capacities up to several hundred tons per hour.
END OF FILM SCRIPT
Open-Gradient Magnetic Separation
During the development of the HGMS the Isodynamic Separator has been used extensively for assaying the ACNET i separability of coals, the suitability of a feed preparation, the gross magnetic susceptibility of various mineral and maceral fractions, and a host of correlations. Impatience with the feed rate in the vibrating tray mode led to development of techniques for achieving accurate separations in the free-fall mode. Observation of the unique capabilities of this opengradient technique -the ability to differentiate between degrees of negative magnetic susceptibility and the ability to produce multiple products in one pass -prompted an effort to extrapolate from salient pole configuration to a configuration capable of processing large quantities. This work is discussed and the operating equipment shown in a film. An abridged script with illustrations follows.
FILM SCRIPT
An emerging technique is open-gradient magnetic separation, known as OGMS. OGMS removes the impurities by deflecting the particles into a spectrum based on the magnitude and size of the particle's magnetic susceptibility. One of the earliest devices for demonstrating OGMS is the Frantz Isodynamic Magnetic Separator. This is an opposing pole magnet which produces a uniform separating force in an air gap between the pole pieces. When dry crushed coal is poured through this device (Fig. 71 , those particles having a positive susceptibility are attracted toward the front of the air gap. Coal, which has a negative susceptibility, is repelled toward the rear. The amount of deflection of a particle is primarily a function of 
o p o r t i o n a l t o t h e v e c t o r p r o d u c t of t h e two.
Producing such a c o n d i t i o n r e q u i r e s a nonuniform field, and a cusp mode produces such a f i e l d .
To f e e d c o a l s through this magnet, mechanisms had t o be designed to i n t r o d u c e t h e c o a l t o t h e magnet i n a s u i t a b l e f a s hion.
One o f t h e f i r s t s u c h d e v i c e s was t h e s i n g l e o r i f i c e f e e d e r ( F i g . 1 2 L e f t ) . T h i s d e v i c e i s adj u s t a b l e w i t h r e s p e c t t o i n i t i a l r a d i a l p o s i t i o n and a l s o w i t h r e s p e c t t o o r i f i c e s i z e , which c o n t r o l s t h e throughput. When raw c o a l is f e d u s i n g t h i s d e v i c e i n t h e b o r e , w i t h t h e magnet e n e r g i z e d , t h e c l e a n c o a l is r e p e l l e d r a d i a l l y i n w a r d , away f r o m t h e c o i l s , w h i l e t h e i n o r g a n i c m a t e r i a l i s a t t r a c t e d r a d i a l l y o u t w a r d toward the windings. This produces the same type of a s p e c t r u m s e e n i n t h e F r a n t z .
To i n c r e a s e t h e t h r o u g hp u t , a mechanism f o r p o u r i n g a c o n t i n u o u s r i n g o f c o a l was d e s i g n e d
( F i g . 1 2 R i g h t ) . This d e v i c e a l s o h a s t h e c a p a b i l i t y f o r c h a n g i n g t h e i n i t i a l r a d i a l p o s it i o n , by removing t h e a p p r o p r i a t e number o f c o n i c a l s e c t i o n s and adding a f l o w s t r a i g h t e n e r . The throughp u t i s c o n t r o l l e d by v a r y i n g t h e s i z e o f t h e o r i f i c e . When c o a l i s p a s s e d t h r o u g h t h e f e e d e r w i t h t h i s dev i c e p l a c e d i n t h e e n e r g i z e d m a g n e t , t h e c o a l i s a g a i n f o r c e d r a d i a l l y i n w a r d a n d t h e i m p u r i t i e s are drawn t h e f o r c e e x e r t e d by t h e magnet and the magnetic susc e p t l b i l i t y o f t h e p a r t i c l e s . T h i s p r i n c i p l e c a n b e s t be understood by pouring coal through the magnet and l o o k i n g i n f r o m t h e l e f t s i d e . When c o a l i s poured through with the magnet off ( The c o a l is f o r c e d t o t h e l e f t w h i l e t h e i m p u r i t i e s a r e p u l l e d t o t h e r i g h t o r f a l l s t r a i g h t down, t h e r e b y c r e a t i n g a spectrum of material based on t h e p a r t i c l e s u s c e p t ib i l i t y . When a s p l i t t e r i s i n t r o d u c e d , t h e s t r e a m c a n be s p l i t a t any desired point determined by t h e q u a li t y and q u a n t i t y o f t h e p r o d u c t d e s i r e d . It i s even p o s s i b l e t o g e n e r a t e m u l t i p l e o u t p u t s ( F i g .
10)
by t h e i n t r c d u c t i o n o f a n o t h e r s p l i t t e r . To p r o c e s s l a r g e q u a n t i t i e s of c o a l , it i s n e c e s s a r y t o c h a n g e t o o t h e r magnet configurations capable of producing a s e p a r a ti n g f o r c e i n a much l a r g e r volume. One such device i s ORNL's superconducting solenoid (Fig. 11) .
The innermost c a v i t y o f t h i s d e v i c e i s t h e warm bore, which i s where the processing takes place.
The c o i l s t o t h i s magnet a r e composed of two separate solenoids which c a n b e w i r e d e i t h e r a i d i n g e a c h o t h e r , t h e r e b y f o r m i n g a l a r g e s o l e n o i d , o r o p p o s i n g e a c h o t h e r , t h e r e b y forming a cusp mode s o l e n o i d . A cusp mode was chosen Fig. 8 . F r e e -f a l l c o a l s t r e a m w i t h t h e m a g n e t o f f . Fig. 9 . F r e e -f a l l c o a l s t r e a m w i t h t h e magnet on.
F i g . 10. Nine pocket s p l i t t e r and magnetic separator. Fig. 11 . P i l o t s c a l e o p e n g r a d i e n t m a g n e t i c s e p a r a t o r . radially outward. For these feed devices to be e ff e c t i v e , t h e r e must be a method f o r s p l i t t i n g t h e c i rc u l a r r i n g of f e e d m a t e r i a l . T h i s i s a c c o m p l i s h e d by employing two c o n c e n t r i c t u b e s a n d v a r i o u s s p l i t t e r attachments for changing the effective radius of separ a t i o n ( F i g . 12 Center). By i n s t a l l i n g t h e s i n g l e o r i f i c e f e e d e r and t h e s p l i t t e r and looking in from the bottom, the same type of s p e c t r u m i s g e n e r a t e d with the superconductor as with the Frantz.
With t h e magnet o f f a l l t h e c o a l f a l l s i n t h e c e n t e r p i p e . When t h e magnet i s t u r n e d o n , t h e p y r i t i c s u l f u r and some of the ash are attracted toward the windings and are seen exiting from the outer annulus while the coal r e m a i n s i n t h e c e n t e r .
T e s t r e s u l t s w i t h t h e s e magnets have shown t h a t OGMS i s capable of producing sepa r a t i o n s e q u a l t o t h o s e f r o m t h e b e s t a v a i l a b l e a l t e rnative. Mathematical models have already uncovered b e t t e r d e s i g n s g i v i n g h i g h e r f o r c e s w i t h s m a l l magn e t s .
OGMS i s a developing technology which s t i l l r e q u i r e s r e s e a r c h so t h a t a b e t t e r u n d e r s t a n d i n g of t h e mechanisms a f f e c t i n g s e p a r a t i o n s c a n be gained. This knowledge w i l l allow much b e t t e r s e p a r a t i o n systems t o be built, thereby improving quality and loweri n g c o s t .
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The c o i l s , l o c a t e d n e a r t h e bottom of the cryostat, are wound so t h a t t h e y c a n be o p e r a t e d i n o p p o s i t i o n ( i . e . , i n t h e c u s p m o d e ) , a n d t h u s g e n e r a t e i n t h e b o r e a l o n g t h e
